Summary
Introduction
As global biodiversity continues to decline steeply (Sala et al. 2000) , it is becoming increasingly important to understand diversity patterns at local and regional scales. The most prominent threats to global biodiversity include changes in land use (e.g. habitat loss, fragmentation, changes in agrochemical inputs and management regimes; Oliver & Morecroft 2014) and climate, nitrogen deposition and invasive species (Sala et al. 2000) . Changes in land use generally decrease population sizes and shrink geographical distribution areas of species (e.g. Warren et al. 2001; Fahrig 2003) which should lead to decreased species richness both locally (a-diversity) and regionally (c-diversity). Because land use changes tend to benefit species that are already widespread (generalists) and harm unique endemic ones, there is a further expectation for increased similarity of community compositions across sites (decreased b-diversity), that is biotic homogenization (McKinney & Lockwood 1999) . Homogenization can be also driven by invasive species (McKinney & Lockwood 1999) or effects of soil eutrophication propagating to higher trophic levels (P€ oyry et al. 2017) . However, an opposite outcome is also possible because fragmentation tends to disrupt dispersal (Hanski & Gilpin 1997) which may lead to differentiation of community compositions across sites in the long term (Dormann et al. 2007; Laurance et al. 2007; Tscharntke et al. 2012) .
Predicting impacts of climate change on diversity is even more challenging because there is no uniform way how climate parameters (temperature, precipitation, intensity and frequency of extreme events) are predicted to change across localities (Garcia et al. 2014) . In the tropics, climate warming could exceed the thermal tolerance of poikilotherms with deleterious consequences, while at mid to high latitudes (Deutsch et al. 2008) , and in the absence of increasing aridity (which could reinforce the negative effects of land use changes; Oliver & Morecroft 2014) , warming climate should generally increase abundance of poikilotherms via accelerated metabolic rates (Savage et al. 2004 ) and increased number of generations per year (Altermatt 2010) . Furthermore, climate warming is predicted to benefit lower latitude species due to improved thermal conditions but impede higher latitude species due to excessively hot thermal conditions (ter Hofstede, Hiddink & Rijnsdorp 2010) . As a consequence, climate warming is expected to generally increase species richness at local (a-diversity) and regional (c-diversity) scales (Men endez et al. 2006) . This is because species expansion into higher latitudes typically draws on a larger species pool than pool of species potentially contracting from lower latitudes (species richness generally increases towards lower latitudes; Willig, Kaufman & Stevens 2003) and tends to be faster and more frequent than contraction from lower latitudes (Walther et al. 2002) .
To test these predictions, long-term monitoring programmes on biodiversity covering multiple decades and replicated study sites, with constant methodology and sampling effort, are ideally needed. Yet, such multi-decade monitoring programmes are very rare (Magurran et al. 2010 ). The few existing ones, initiated in 1960s or before, provide evidence of strong effects of climate warming in a form of increased species richness regionally ) and locally (Lindley & Batten 2002; La Sorte & Boecklen 2005) , but the recent meta-analyses have reported no temporal trend (Vellend et al. 2013; Dornelas et al. 2014) or decreased (Newbold et al. 2015) local species richness.
In this work, we used data from a unique long-term moth monitoring programme, where for almost five decades macro-moths were captured daily at seven sites across Hungary. In this region, changes in land use (increase in forest cover, decrease in grassland cover) and climate (increase in temperatures) over the last five decades broadly reflect patterns across most of Central Europe. Our specific study questions were: has (i) moth abundance, (ii) a-diversity, (iii) b-diversity or (iv) c-diversity changed across the years, and which ecological characteristics of species (distribution in Europe, voltinism, overwintering stage, dietary breadth, host group, preferred habitat type or size) are associated with (v) disappearance from the community, (vi) appearance within the community or (vii) long-term changes in abundances of common species. We hypothesized that moth abundance and diversity (a-and c-diversity) have increased as a response to climate warming, because most Lepidoptera are mobile species which can respond relatively quickly to changed climatic conditions (Parmesan et al. 1999) and local extinctions typically take place with time-lag (Kuussaari et al.
2009
; Bertrand et al. 2011) . We also hypothesized that combined effects of land use changes and eutrophication have homogenized community compositions across sites (decreased b-diversity). Species for which preferred habitats or host groups have decreased due to land use changes were expected to have suffered the most. Diet generalists were expected to have suffered less from changes in land use (Steffan-Dewenter & Tscharntke 2002) and therefore be able to shift their ranges more likely towards poles than diet specialists. Northern species were expected to have suffered from climate warming more likely than southern species (Devictor et al. 2012) , and large species (with better dispersal abilities; Nieminen, Rita & Uuvana 1999) to have shifted their ranges more likely towards poles following climate warming. Multivoltine species (those known to produce multiple generations in some parts of Europe) were expected to benefit more from warming climate than univoltine species, because they can utilize the longer growing seasons more flexibly (and this trait could be positively associated with higher larval growth rate; WallisDeVries 2014). We also hypothesized that species overwintering at different life stages differed in responses to climate warming, since winter warming could stress adult or larval overwintering species more than species overwintering as (stationary) egg or pupae (Williams, Hellmann & Sinclair 2012) . Alternatively, climate change and eutrophication could expose egg or larval overwintering species to microclimatic cooling as a response to advancing plant growth in the spring (WallisDeVries & Van Swaay 2006) .
Materials and methods

study area
Hungary is located in the Carpathian basin, representing the Pannonian biogeographical region, which is particularly rich in biodiversity and hosts many endemic species (European Commission 2017) . Over the past century, this region has experienced loss and fragmentation of its natural and semi-natural habitats, especially floodplains and open grasslands (European Commission 2017). Since the 1960s, forest area has steadily increased due to increases in secondary forests (from 14% of land area in 1960s to almost 21% in 2010; Appendix S1: Fig. S1 , Supporting Information). At the same time, areas of grassland (from 16% to 8%) and arable land (from 56% to 46%) have steadily decreased, human population density has been relatively stable (Kohlheb & Krausmann 2009) , mean annual temperature has been trending upward (+1Á6°C), precipitation has been stable (Klapwijk et al. 2013 ) and the same trends have taken place at our study sites (Appendix S1). Like over most of Central Europe, nitrogen deposition rates in Hungary are an order of magnitude higher than natural rates (Galloway et al. 2008) and a large proportion (13%) of natural and near-natural habitats are infested with invasive alien plant species (Csisz ar 2012; Ministry of Rural Development 2014).
sampling and study species
Analyses were based on daily moth captures ) from seven long-term trapping sites (each with one light trap) located across Hungary (Appendix S2: Fig. S2 ), maintained by the Hungarian Forest Research Institute. The traps were located in forests and forest margins (dominantly broadleaved forests; see details in Appendix S2: Fig. S3-S9 ). The traps were at the same locations (sites) throughout the study period, and they functioned generally throughout the annual active flight period of moths in the region (from early March to December, from sunset to sunrise, using 125W mercury bulb). Prior to analyses, data from years 1972 to 1973, and six other site-year combinations when the identification of species was restricted to pest species were excluded. Additionally, from each site, data from years with >10 consecutive days of no records between 101 (c. 1st of April) and 314 days (c. 1st of October) after winter solstice were omitted from analyses (91 site-year combinations; it is possible that such long gaps in trapping indicate break down of light trap, not unfavourable weather conditions with no moths flying, and could lead to underestimates in the abundance and species richness of moths). Finally, the taxonomically difficult Eupithecia spp. were excluded from analyses. This left us with 223 site-year combinations (the number of sites represented yearly varying between 1 and 7, except years 1972-1973), and 2 095 664 individual captures representing 878 species from superfamilies Bombycoidea, Cossoidea, Drepanoidea, Geometroidea, Lasiocampoidea and Noctuoidea (Appendix S2: Table S1 ). Nomenclature follows Fauna Europaea (http://www.faunaeur.org).
c-diversity
To answer if the total species richness across the sites (c-diversity) has changed across the years, we fitted a linear regression model where the total species richness of each 4-year period (each having all seven sites represented, see horizontal lines in Fig. 1 ; the four periods not having all seven sites represented were dropped out of analyses) was modelled with year as a continuous variable.
We employed this approach because the number of sites per year varied, and the total species richness calculated on annual basis would have represented a varying composition of sites. A 4-year period was selected in order to get enough data points for statistical analysis. We used sample-based rarefaction (samples representing daily captures) when estimating the species richness (Gotelli & Colwell 2001 ; Appendix S3). Thus, for each 4-year period, the species richness was estimated for 3950 samples (representing daily captures) which was the smallest number of samples across all 4-year periods.
moth abundance and a-diversity
To study the long-term change in the (log e -transformed) number of individuals captured per site, or in the number of species per site (a-diversity), we fitted linear mixed effects models including site (random) and year (covariate) as explanatory variables (random intercept model). We compared these models to models including also site 9 year interaction (random intercept and slope model) using Akaike Information Criteria (AIC). We used sample-based rarefaction (samples representing daily captures) when estimating the species richness at each site and year; that is, for each site and year, the species richness was estimated for 162 samples (representing daily captures) which was the smallest number of samples across all site-year combinations.
b-diversity
To ask, whether the community compositions across the seven sites have become more similar or dissimilar across the years (b-diversity measuring the long-term change in variation in community structures; Anderson et al. 2011) we fitted a linear regression model where the average of pairwise (Anderson et al. 2011) Bray-Curtis similarity values across the seven sites were modelled with year as a continuous variable. The Bray-Curtis similarity values were calculated for each 4-year period because the number of sites per year varied, and the average similarity values calculated on annual basis would have represented a varying composition of sites. In each period and for each site, the average number of individuals (square root transformed) per year was used as source data.
The long-term change in community composition was further illustrated with non-metric multi-dimensional scaling (MDS; conducted with program Primer-E; number of restarts = 50; Clarke & Gorley 2006) . We used the Bray-Curtis similarity matrix of moth community data, calculated from square root transformed species abundances. To illustrate the temporal change, we present a MDS graph representing the distances among centroids (Anderson, Gorley & Clarke 2008 ) of each decade.
ecological traits related to disappearance or appearance or changes in abundance of moth species
To study which ecological characteristics of species are associated with: (i) disappearance of species that were present in the first half of the study period but not the second half of the study period ; altogether 74 species), compared to those that were present on both periods (772 species), and (ii) appearance of new species during the second half of the study period (32 species), compared to those that were present on both periods (772 species), multiple logistic regressions were fitted. In these models, species were used as replicates and the response variables were (i) disappears/does not disappear by the second half of the study period, and (ii) newly present/historically present. The explanatory variables describing species' ecology were: distribution in Europe, voltinism, overwintering, dietary breadth, host group, preferred habitat type and size (measured as wingspan) (details and sources Appendix S4: Table S2 ). All ecological variables except wingspan were entered as categorical variables. All possible subsets of the explanatory variables (127) were fitted, as well as the null model (including only intercept), and multimodel inference was used to estimate the model averaged parameter values and relative variable importance based on AIC (Burnham & Anderson 2002) . Multimodel inference was needed because in both cases no single model was found to be clearly superior when compared to other models (model probability, that is, Akaike weight w i ≥ 0Á9).
To take into account the phylogenetic relationships of the species, we repeated these analyses by fitting generalized estimation equations (GEE; with binomial distribution of the response variables; Paradis et al. 2016 ; see details in Appendix S5: Fig. S10 ). Unfortunately, with our data it was not possible to fit GEE models with multiple explanatory variables and univariate GEE models (with each of the seven explanatory variables) were fitted instead. Additionally, categories of explanatory variables with only few representatives had to be merged to larger categories and variable 'size' had to be entered as a dichotomous factor (smaller than average vs. larger than average).
We also studied which ecological characteristics of species were associated with positive or negative long-term trends in their abundance. To exclude rare species for which the trend might be unreliable, only species with ≥500 individuals (Conrad et al. 2006) recorded throughout the study period were included, a criterion that was satisfied by 387 species. Long-term trends in abundances of each moth species were estimated with software TRIM (TRends and Indices for Monitoring data), version 3.53 (Pannekoek & van Strien 2005) . For each species, recorded from different sites and years, TRIM calculates estimates of yearly indices and long-term trends based on counts of individuals, using Poisson regression. TRIM uses predicted counts replacing the missing counts, and takes overdispersion and serial correlation into account. The TRIM annual indices represent the increase (or decrease) in population size with respect to the first studied year (here 1962), and therefore describe changes in relative abundances rather than absolute numbers. To study which ecological characteristics of species were associated with the longterm trends (additive slope-parameter of TRIM as the response variable), GEE (with gaussian distribution of the response variable, taking into account the phylogenetic relationships of the species; Appendix S5: Fig. S10 ) were fitted. Due to the exclusion of rare species, some very small ecological groups had to be merged to larger ones. In this case it was possible to fit GEE models with multiple explanatory variables; all possible subsets of the variables (127) were fitted, and multimodel inference (based on Quasilikelihood Information Criterion; QIC) was used since no single model was found to be clearly superior to all others in the set. Finally, to quantify if closely related species were more similar in relation to the long-term trends in abundance or size (the two continuous variables), Moran's I autocorrelation indices were calculated (Paradis et al. 2016 ).
Apart from MDS and TRIM models, all other analyses were conducted with R version ≥2.14.1 (R Development Core Team 2014); rarefied species richness values and long-term trends in Bray-Curtis values were calculated with package VEGAN (Oksanen et al. 2015) , linear mixed effects models with package NLME (Pinheiro et al. 2016), GEE models and Moran's I autocorrelation indices with package APE (Paradis et al. 2016) .
Results
c-diversity
The total species richness across the sites (c-diversity; species richness estimate rarefied for 3950 samples representing daily captures) declined since 1960s (F 1,6 = 11Á6, P = 0Á014, R 2 adj. = 0Á60; Fig. 1a) . The rate of species loss was about 20 species per decade (or 3% of the mean).
moth abundance and a-diversity
There was no long-term change in overall moth abundance (linear mixed model; effect of year, slope = 0Á0005, SE AE 0Á003, P = 0Á86). Also the species richness per site (a-diversity; rarefied estimate for 162 samples representing daily captures) did not express long-term change (effect of year, slope = À0Á30, SE AE 0Á21, P = 0Á15). We compared these models (random intercept models) to models including also site 9 year interaction (random intercept and slope model) but in both cases these more complex models had >2 units larger AIC, and were not chosen as final models.
b-diversity
The b-diversity (measuring the variation in community compositions among sites across the years) declined since 1960s; there was a significant increase in Bray-Curtis similarity of community compositions through time (F 1,6 = 22Á9, P = 0Á003, R 2 adj. = 0Á76; Fig. 1b) . The rate of increase in Bray-Curtis similarity per decade was about 6% of the mean. MDS ordination revealed a strikingly cohesive pattern of increasing homogeneity in community compositions of moths; note the convergence of the inclusive polygon in MDS ordination space from the 1960s to the most recent decade (Fig. 2) .
traits associated with species disappearance and appearance through time Distribution in Europe, dietary breadth and preferred habitat were the most important variables explaining species disappearing before the second half of the study period (Relative Variable Importance ≥0Á95; Appendix S6: Table S3-S4). Species with narrow distribution range in Europe, specialized diet and preferred habitat representing dry grassland, cliffs, rocks or sand dunes were those most likely to disappear (Appendix S6: Table S4 ; Fig. 3 ). The odds of disappearing (the probability of disappearing relative to persisting) for central European species were six times, northern European species five times and southern European species three times the odds of species with wide distribution (Appendix S6: Table S4 ). For monophagous species the odds of disappearing were seven times the odds of polyphagous species, and the odds of species preferring dry grassland, cliffs, rocks or sand dunes four times the odds of species preferring broadleaved forests. Distribution in Europe, dietary breadth and preferred habitat explained species' probability to disappear also when the phylogenetic relatedness of species was taken into account (GEE models; Appendix S6: Table S5 ).
Distribution in Europe and size were the most important variables explaining species appearance (Relative Variable Importance ≥0Á88; Appendix S7: Table S6-S7) . Species with northern, southern or central distributions in Europe were more likely to appear as new during the second half of the study period compared to species with wide distributions (Appendix S7: Table S7 ). The odds of appearing for central European species were four times, northern European species seven times and southern European species five times the odds of species with wide distribution. Also, species with larger wingspan were more likely to appear as new species: for every 1 mm increase in wingspan, the odds of appearing increased by a factor of 1Á03. Distribution in Europe and size explained species' probability to appear also when the phylogenetic relatedness of species was taken into account (GEE models; Appendix S7: Table S8 ).
traits associated with changes in species abundance through time Size was the most important variable explaining population size trends among the commoner species (Relative Variable Importance = 0Á68; Appendix S8: Table S9 -S10).
Size was positively related to population size trend (Appendix S8: Fig. S11 ; the highest ranked GEE model: effect of size, slope = 0Á0013, SE AE 0Á0000, t = 47Á8, P < 0Á001). Closely related species were more similar in relation to both population size trend (observed Moran's I = 0Á045, expected = À0Á003, P = 0Á004) and size (observed Moran's I = 0Á091, expected = À0Á003, P < 0Á001). Majority of Geometroidea decreased while majority of Noctuoidea increased in abundance (Appendix S8: Fig. S12 ). Overall, there were approximately the same amount of increases (191 positive slopes; 49Á4%) vs. decreases (196 negative slopes; 50Á6%) among the common species (Appendix S8: Table S11 , Fig. S13 ).
Discussion
The moth communities in the studied Central European region have become impoverished at an alarming rate when measured as the regional species richness, supporting the predictions of strong effects of land use changes, or interactions between climate and land use changes (e.g. increased aridity can enforce the negative impacts of land use changes; Oliver & Morecroft 2014) . Species with preference for habitat types which have decreased over our study period (e.g. dry grassland) were more likely to disappear. Although there was no evidence of significant long-term change in precipitation across our study sites (Appendix S1), increasing temperatures tend to increase the evapotranspiration (Huntington 2006) which has increased the severity of droughts in the studied region (Dai, Trenberth & Qian 2004; see also M aty as 2010; M aty as & Sun 2014; G alos et al. 2015) . Our results are contrary to reports of increases or stable species richness at regional scales (Sax & Gaines 2003) , including moth species richness in UK , bird species richness in the Netherlands (Van Turnhout et al. 2007 ) and plant species richness in Europe (Winter et al. 2009 ). However, our study adds to other evidence of local extinctions and population declines in butterflies and moths of temperate Europe (Warren et al. 2001; Conrad et al. 2006; Fox et al. 2013 Fox et al. , 2014 , suggesting that insects are particularly vulnerable to human perturbation (Thomas et al. 2004b) . The surprising finding that the observed decline in regional diversity did not manifest at the local level is possible because c-diversity does not only depend on species richness per site (a-diversity) but also on variation in species compositions among sites (b-diversity; Jost, Chao & Chazdon 2011), and in large regions, a large part of the regional diversity is accounted by the variation in species compositions among sites (Buckland et al. 2011 ; see also Clough et al. 2007; Hendrickx et al. 2007; Flohre et al. 2011) .
The typical ecological characteristics of species that disappeared by the second half of the study period suggest that decline of grasslands, which are considered to be threatened hotspots of biodiversity across Europe (Habel et al. 2013) has been an important driver of the long-term changes in regional species richness observed in this study. By comparison, species that inhabit forests have suffered proportionally less, most likely because the forest area has grown gradually in Hungary due to the national afforestation programme (Cs oka et al. 2013) . Also this trend is not restricted to Hungary, because forest area throughout Europe has been expanding during the 1990s and 2000s (FAO 2010) . However, a large proportion of the forests are secondary forests, which are typically less diverse than ancient forests (Kelemen, Kriv an & Standov ar 2014) .
Our results corroborate the hypothesis that specialism in ecological traits (monophagy and narrow distribution, possibly with less genetic variation) exposes species to declines and local extinctions in the face of habitat loss (Mattila et al. 2006 (Mattila et al. , 2008 € Ockinger et al. 2010) . Given the generally rapid responsiveness to climate change of geographical ranges in Lepidoptera (Parmesan et al. 1999) , it was surprising that we saw no evidence for higher latitude species being more likely to disappear from Hungary than lower latitude species (Appendix S6: Table S5 ), or for southern species being more likely to appear than northern species (Appendix S7: Table S8 ). It could be that the increase in forest cover (Clavero, Villero & Brotons 2011) , or increased shading by vegetation (result of nutrient deposition or climate warming; WallisDeVries & Van Swaay 2006), have counteracted some effects of climate change. Alternatively, time-lags between environmental change and local extinctions could slow down the retreating process from low latitude range margins (Bertrand et al. 2011) or habitat loss and fragmentation could hinder the ability of species to shift their ranges polewards (Thomas et al. 2004a) .
Size of species seems to play a role in how the global changes modify invertebrate communities and larger species seem to be the winners: larger species were more likely to appear as new vs. being already present, and out of the common species, larger species were typically increasing in their abundances and smaller species decreasing. Larger size seems to be associated with higher dispersal ability in moths (Nieminen, Rita & Uuvana 1999) , which can help species to track climate change and persist in human-modified landscapes (Warren et al. 2001) . Size is also associated with nutritional specialization so that polyphagous species are typically larger (Davis et al. 2013) . Another recent study found higher likelihood of range expansion among moths that were habitat and diet generalists (or diet specialists with nitrogen-favoured diet), that preferred forest habitats and that were active during warm conditions (but no association with body size was found; Betzholtz et al. 2013) .
Our results revealed a striking pattern of increasing homogeneity in community compositions of moths from the 1960s to the 2000s, supporting the predictions of strong effects of land use changes increasing the dominance of those species that can take advantage of humanaltered environments (McKinney & Lockwood 1999) . Also, effects of soil eutrophication can propagate to higher trophic levels, increasing the dominance of herbivores which are large, dispersive, multivoltine, dietary generalists or specialized on nitrophilous host plants (P€ oyry et al. 2017) . We found no evidence of long-term differentiation of community compositions (a possible result of fragmentation; Dormann et al. 2007; Laurance et al. 2007; Tscharntke et al. 2012) , and in a previous study, homogenization of day-active geometrid moth communities was positively associated with increasing agricultural intensity, that is, landscape simplification and fragmentation of natural habitats (Ekroos, Heli€ ol€ a & Kuussaari 2010 ). The homogenization of Hungarian moth communities was not readily explained by human-introduced species, which seems to be a common cause globally (e.g. Rahel 2000) , since the dataset included only six new Macrolepidopteran species to Hungary (Sze} oke & Cs oka 2012). If human-introduced species are involved in the homogenization process, their impacts could be manifested indirectly via invasive alien plant species. Altogether, this is one of the first long-term monitoring studies showing a wide-scale homogenization pattern in community compositions measured from changes in species relative abundances (see also La Sorte & McKinney 2007) and to our knowledge the first such study among terrestrial invertebrates. Previously, large-scale homogenization through time has been reported in various ecosystems and species groups using species incidence data (e.g. Rahel 2000; Winter et al. 2009; Carvalheiro et al. 2013) .
To conclude, by using data from one of the few programmes in the world that have been monitoring biodiversity since the 1960s, we found that moth communities in our Central European study region are becoming homogenized and regional biodiversity is being impoverished at a steep rate. The trends better support predictions derived from land use changes than from climate warming: for moth communities in Hungary, the negative impacts of land use changes, possibly enforced by the increased severity of droughts, seem to be far exceeding any enriching effects from climate warming. In the global context, the contrasting effects of climate change and land use changes could explain why the predicted enriching effects from climate warming are not always realized. At European level, our results call special attention to specialist species, species with narrow distribution ranges and species of dry grassland habitats.
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